It has been shown that thin-film dialysis can be performed in such a way that the limiting rate is the rate of entry of the solute into the membrane from the high-concentration side. The rate of diffusion, therefore, reflects the probability of a molecule entering the pores on the surface and does not depend on the resistance to diffusion offered by the internal structure of the membrane. The good correlation, so generally found, of the order of escape times of given solutes with the order of free diffusion rates is thus explained. The data from stretching experiments with wet cellophane, in which the pore structure is distorted, are also explained.
Soon after the method of thin-film dialysis was proposed as a simple experimental way to study relative rates of diffusions and, thereby, to permit estimations of Stokes radii, solutesolvent behavior, and conformational change, preliminary studies (1) on the effect of temperature were also made. The behavior of proteins approximated that expected on the basis of the theory that their relative rates of diffusion through membranes would occur in the same order as their free diffusion coefficients, but that differences would be greatly enhanced due to the resistance of the membrane. This finding implied that the membrane would carry no fixed charge, and indeed evidence was supplied that Visking dialysis casing available at the time (2) did have a low, and apparently negligible, order of fixed charge. With increasing temperature, up to 40 50°, it was somewhat surprising to find that the increased rate of dialysis of certain test solutes approximated that shown by free diffusion (the Stokes-Einstein relationship), i.e. directly proportional to change of absolute temperature, but inversely proportional to the viscosity change of the solvent. Above 50°, proteins known to undergo heat denaturation showed a much slower rate of dialysis, as would be expected from an expanded molecule.
A preliminary study with carbohydrates of known conformation and rigidity (3) strongly supported the theory of increased selectivity, as compared to free diffusion, when comparisons were at a given temperature, but the temperature coefficients were often too high for particular carbohydrates. These higher temperature coefficients were thought to be due to changes in the hydration of either the solute or the membrane.
When polypeptides of both the linear and the rigid cyclic antibiotic types were studied, individual temperature coefficients again appeared to be unpredictable (4), but were reproducible for each peptide. It was thought that the linear peptides could easily undergo conformational change, but the too-high temperature coefficients of the cyclic peptides were again thought perhaps to reflect changes of hydration either of the peptide or the membrane. This theory seemed reasonable because of the high discrimination of the dialysis method, that appeared to be in the range of 2-3% of the Stokes radius (3) .
Recently it has been discovered (5) that with peptides of high charge density and with charges of the same sign, a higher order of freedom from fixed charge on the membrane is required in order for dialysis rates to be independent of charge. A method of covering any residual fixed charge has been developed; the charge is coupled with glycine amide with the help of a water-soluble carbodiimide coupling agent. Membranes so treated have reduced absorptive properties and behave more ideally with highly charged solutes. It seemed of interest to again investigate temperature, as well as salt, effects with these modified membranes. RESULTS 
AND DISCUSSION
The effect of change of temperature on free diffusion coefficients in various solvents has been thoroughly investigated by different workers, and was reviewed by Longsworth (6 (1) where D is the diffusion coefficient, K is a constant, T is the absolute temperature, tq is the viscosity, and r is the particle radius. The uncertainty of hydration always must be considered with polar molecules, particularly with amino acids. For instance, glycine amide (7) diffuses considerably faster than the dipolar ion. This is observed also with the dialysis method: the simple amides of the amino acids always dialyze more rapidly than the free amino acids. This may be due to a hydration effect.
For particles that are not spherical, formulas analogous to Stokes' law for prolate and oblate elipsoids of revolution were derived by Perrin (8) . These have been used for derivation of frictional coefficients for the larger molecules, such as proteins. Again there is the uncertainty of hydration effects, and it is not even certain that these formulas apply to the smaller molecules. In fact, Longsworth's data (6) are in quite good agreement with the simpler Stokes-Einstein equation.
Although it is obvious that the restricted type of diffusion that results from thin-film dialysis is more complicated than free diffusion, it is helpful perhaps to think of it along the lines set forth in free diffusion studies. Thus, from the StokesEinstein equation, the reciprocal plot shown in Fig. 1 can beconstructed. The slope indicates the relative diffusabilities at the different temperatures and permits calculation of the activation energy of diffusion.
In thin-film dialysis, a straight-line escape plot (9) indicates ideal behavior, i.e., the rate of dialysis for the particular membrane and assembly is proportional only to the concentration gradient across the membrane. The half-escape time is, therefore, a measure of the rate of dialysis of the solute for that membrane and cell that can be used for comparison with other solutes in the same membrane and cell. It is thus of interest to substitute the reciprocal of the half-escape time for the diffusion coefficient in the reciprocal plot for the study of temperature effects. The reciprocal is required since a rate constant is proportional to the reciprocal of the half-escape time.
Such a plot of the logarithm of the reciprocal of the halfescape time against the reciprocal of the absolute temperature ( Fig. 1 ) then provides a curve whose slope conceptually could give an estimation of the activation energy required for dialysis through the membrane. Hydration effects, as well as changes in conformation, would be included in this estimate. Interaction with the membrane by adsorption would also be included if there were appreciable interaction. Whether or not there is adsorption, however, can be easily determined by a simple recovery calculation.
In spite of these complications, it seemed of interest to perform the experiments this way. We were surprised to find that numerous solutes with the completely neutral membranes have practically straight-line reciprocal plots over the tem- Longsworth (11) , who found that the activation energy of free diffusion for HDO (partially deuterated water) and albumin differed by less than 10%, in spite of the fact that HDO diffuses 36-times faster than albumin.
It seems of theoretical and practical interest to ask why it is that the overall activation energies of dialysis derived from temperature studies in a thin-film dialysis cell coincide so closely with the activation energy of free diffusion. This question can be studied in the following way. Fig. 2a is a schematic drawing based on the dimensions of a thin-film dialysis cell. At time 0, a thin-film, about 100,um in depth, of a solution of known concentration is spread over a 50-cm2 surface of a cellophane membrane wet with the solvent only, and about 40 urn thick. A concentration gradient of unknown shape or slope is quickly established across the membrane, as represented by the diagonal line. The concentration on the diffusate side is kept low, less than 1/100 that on the side containing the retained material, by frequent changes of the diffusate solvent. Accordingly there is negligible back-diffusion. Analysis of the diffusate solutions then permits escape plots, such as those shown in Fig. 2b and c, combination of three rates: the rate of entry into the membrane, the rate of diffusion through the membrane, and the rate of entry into the diffusate solution.
Since the actual overall rate of dialysis is quite slow per cm2 of dialyzing surface (0.5 mg of ,B1-24-ACTH passing through 50 cm2 of membrane area in 18 min at 400; Fig. 2b) , the third rate would be so much faster than the other two that it can be neglected. If the controlling rate should be the rate of diffusion through the membrane, -it seems entirely improbable that the activation energy could parallel so closely the energy of free diffusion. Nonetheless, a direct measure of the rate of diffusion within the mertbrane is desirable. The rate of diffusion can be estimated as follows.
By choice of a solute with a moderately slow rate of dialysis (such as bacitracin A, molecular weight 1422, which behaves ideally and does not adsorb to the membrane), a standard escape curve (Fig. 3, curve a) at 25°can be obtained. This same membrane and dialysis cell can then be used for a second experiment with a higher concentration of bacitracin A. After 2 min, at which time the gradient across the membrane (Fig. 3) is established, the solutions on both sides of the membrane are quickly removed. Both sides are quickly washed twice with the solvent, and the elution is then fol- lowed as in a standard experiment, except that the solution within the dialysis tubing is omitted, causing the membrane to collapse against the center expander tube. The solute remaining in the membrane can now diffuse only into the outside diffusate solution. 5% of the original charge was recovered from the membrane, but at a rate 4-to 5-fold faster (Fig. 3, curve b) than that of the overall dialysis rate. (Curve b does not extrapolate through the origin because of the time necessarily lost in the washing.)
In a third experiment, the bacitracin solution was inserted as the film, but the diffusate solution was omitted. After a period of time, the membrane should have been fully charged, since there was no diffusate solution to remove it on the diffusate side. The bacitracin solution on the inside of the tubing was then removed, both sides were quickly washed twice with the solvent, and the elution was started again in the absence of solvent within the tubing. In this way more solute, about 8% of the original charge, was recovered. The escape rate was slightly faster than that in the previous experiment, as would be expected.
It would, therefore, appear that the controlling rate in thin-film dialysis is the probability of the solute molecule finding its way into a pore at the membrane boundary on the side of the membrane containing the high concentration of the solute. Since this rate is controlled by free diffusion, the overall energy of dialysis should parallel rather closely that of free diffusion for ideal solutes whose conformation, state of aggregation, or hydration does not change over the temperature interval involved.
Some years ago, stretching experiments with wet cellophane casing showed that if the molecular dimensions of a large solute molecule in solution were known, it would be possible to estimate how much a calibrated membrane should be two-dimensionally stretched to give a desired escape rate. These experiments are entirely consistent with a two-dimensional barrier, but not with a three-dimensional one. It is not possible to stretch the membrane three-dimensionally, and if the barrier were three-dimensional, a certain collapse of the pores with two-dimensional stretching would be expected. This would lead to a reduced rate of diffusion, as was experimentally found for one-dimensional stretching.
Finally there is the extensive experience we now have had with many different types of solutes, where the order of the relative dialysis rates coincides with that to be expected from free diffusion (3).
Many polypeptides, which are not covalently crosslinked but are of the so-called "random coil" type, give straight-line escape plots in a favorable solvent environment, but their beProc. Nat. Acad. Sci. USA 69 (1972) I havior at different temperatures does not follow the StokesEinstemnrelationship (as shown by #1-24-ACTH in Fig. 1 ).
The diffusional size seems to decrease in the interval 10-40', but then to increase in the interval 40-55°.
Solutes that associate, such as the tyrocidines (13), give too low a temperature coefficient in the temperature range 10-250, but much too large a coefficient above 250. The exact shape of the curve is concentration dependent.
It is now well established that cellulose acetate membranes, so widely used in reverse osmosis for recovery of sea water, owe their effectiveness to a very thin, dense layer of the polymer on the surface (14); they are called skin membranes. Perhaps such a barrier plays more of a role with other membranes than has been suspected.
The results presented in this paper support the view expressed earlier (3) that the selective data from thin-film dialysis can be used for determination of Stokes radii, provided comparisons are properly made with suitable solute models of known size and shape. The reasoning is similar to that used in the determination of size with Sephadex gels (15) . The mechanism for the membranes is uncomplicated, and the method can be more versatile and selective than with Sephadex.
The demonstration that thin-film dialysis can be performed in such a way that it clearly reflects the probability of a solute molecule entering a pore on the surface of the membrane is consistent with an explanation of potentially high discrimination offered by a theory of restricted diffusion suggested many years ago (16, 17) in ultrafiltration studies. This is shown schematically in Fig. 4 . As the size of the particle approaches the cross-sectional area of the pore, the probability of its entering the pore is controlled by the equation given in Fig.4 .
